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High-‐resolution	  separation	  of	  thiolate-‐protected	  gold	  clusters	  by	  
reversed-‐phase	  high-‐performance	  liquid	  chromatography	  	  
Yoshiki	  Niihori,a	  Chihiro	  Uchida,a	  Wataru	  Kurashigea	  and	  Yuichi	  Negishi*abc	  

Thiolate	   (RS)-‐protected	   gold	   clusters	   (Aun(SR)m)	   have	   attracted	   much	   attention	   as	   building	   blocks	   of	   functional	  
nanomaterials.	   Our	   group	   has	   been	   studying	   the	   high-‐resolution	   separation	   of	   Aun(SR)m	   clusters	   using	   reversed-‐phase	  
high-‐performance	   liquid	   chromatography.	   In	   this	   perspective,	   we	   summarize	   our	   recent	   results	   on	   the	   separation	   of	  
Aun(SR)m	  clusters	  and	  their	  doped	  clusters	  according	  to	  the	  core	  size,	  charge	  state,	   ligand	  composition,	  and	  coordination	  
isomer.	   Additionally,	   this	   perspective	   describes	   new	   findings	   obtained	   by	   using	   high-‐resolution	   separation	   and	   future	  
prospects	  for	  the	  separation	  of	  such	  types	  of	  metal	  clusters.	  We	  believe	  that	  the	  techniques	  and	  knowledge	  gained	  in	  this	  
studies	   would	   contribute	   to	   the	   creation	   of	   Aun(SR)m	   clusters	   with	   the	   desired	   functions	   and	   associated	   functional	  
nanomaterials.	  	  

1.	  Introduction	  
A	  size	  of	  a	  nanoscale	  is	  considered	  to	  be	  the	  smallest	  size	  in	  which	  
materials	   feature	   functional	   properties.1	   Therefore,	   the	  
development	  of	   techniques	  to	  process	  or	  synthesize	  materials	   in	  a	  
size	   range	   of	   a	   nanoscale	   has	   attracted	   much	   attention	   from	   the	  
viewpoints	   of	   decreasing	   the	   size	   of	   functional	   materials,	   and	  
thereby	   decreasing	   the	   required	   amounts	   of	   valuable	   resources	  
involved	   in	   material	   fabrication.	   Traditionally,	   the	   top-‐down	  
technology,	   as	   represented	   by	   the	   micromachining	   of	   silicon,	   is	  
used	   to	   reduce	   the	   size	   of	   functional	  materials.	   However,	   smaller	  
functional	   materials	   can	   be	   created	   when	   the	   materials	   are	  
assembled	  from	  atoms	  and	  molecules.	  Consequently,	  such	  bottom-‐
up	  technology	  has	  recently	  received	  increasing	  attention.2,3	  

	   Thiolate	   (RS)-‐protected	   gold	   clusters	   (Aun(SR)m)
4-‐45	   are	  

nanomaterials	   synthesized	   by	   the	   bottom–up	   approach.	   These	  
clusters	   exhibit	   high	   stability	   both	   in	   solution	   and	   solid	   state.	  
Additionally,	  they	  exhibit	  physical	  and	  chemical	  properties,	  such	  as	  
photoluminescence,5,7,10,46–67	   catalytic	   activity,9,45,64,68,69	   and	   redox	  
behaviors,7,27,70	  which	  are	  not	  observed	  in	  bulk	  Au.	  Such	  properties	  
depend	   on	   the	   size	   of	   the	   metal	   core	   (i.e.,	   the	   number	   of	  
constituent	   atoms	   of	   the	   metal	   core)46,48	   and	   the	   type	   of	   ligand	  
surrounding	   the	   metal	   core.55	   Owing	   to	   these	   characteristics,	  
Aun(SR)m	   clusters	   are	   generating	   great	   interest	   as	   potential	  
structural	  units	  of	  functional	  nanomaterials.	  

	   In	   general,	   these	   clusters	   are	   prepared	   by	   reducing	  Au	   ions	   in	  

the	   presence	   of	   thiol	   in	   solution.4,71	   Such	   a	   method	   typically	  
produces	  clusters	  having	  a	  distribution	  in	  the	  core	  size.46	  However,	  
to	   achieve	   controlled	   physical	   and	   chemical	   properties,	   the	  
development	   of	   techniques	   for	   preparing	   Aun(SR)m	   clusters	   with	  
atomic	   precision	   is	   essential.	   Previous	   studies	   established	   various	  
separation	   methods,	   such	   as	   precipitation,72	   polyacrylamide	   gel	  

	  

Fig.	  1	  High-‐resolution	  separation	  of	  Aun(SR)m	  clusters	  based	  on	  the	  
core	   size,	   charge	   state,	   ligand	   composition,	   and	   coordination	  
isomer	  using	  RP-‐HPLC.	  
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electrophoresis	   (PAGE),46,48,73,74	   high-‐performance	   liquid	  
chromatography	   (HPLC),75,76	   and	   solvent	   extraction,77–79	   which	  
enabled	   the	   isolation	   of	   Aun(SR)m	   clusters	   with	   atomic	   precision.	  
Recent	   studies	   further	   established	   the	   several	   methods	   to	  
synthesize	   only	   one	   chemical	   composition	   cluster	   by	   focusing	   the	  
prepared	   clusters	   into	   single-‐sized	   Aun(SR)m	   clusters

60,80-‐86	   and	  
transforming	  one	  stable	  cluster	  into	  another	  stable	  cluster.87-‐92	  	  This	  
progress	   enabled	   the	   size-‐selective	   synthesis	   of	   specific	   types	   of	  
Aun(SR)m	  clusters.	  However,	  at	  present,	  a	  size-‐selective	  synthesizing	  
method	   has	   only	   been	   established	   for	   limited	   types	   of	   Aun(SR)m	  

clusters.	   Thus,	   separation	   of	   the	   resulting	   mixture	   of	   clusters	  
remains	   an	   indispensable	   process	   to	   precisely	   synthesize	  Aun(SR)m	  
clusters.	  Also,	  controlling	  the	  surrounding	  ligands	  is	  a	  useful	  method	  
to	   create	   Aun(SR)m	   clusters	   with	   specific	   desired	   properties.	  
However,	   except	   in	   a	   limited	   number	   of	   cases,	   the	   synthesis	   of	  
clusters	   with	   multiple	   types	   of	   ligands	   results	   in	   a	   distribution	   of	  
ligand	  chemical	   compositions,	  and	   therefore	   the	   separation	  of	   the	  
Aun(SR)m	   clusters	  depending	  on	  the	   ligand	  composition	   is	  essential	  
to	  achieve	  precise	  control	  of	  the	  ligand	  composition.93–97	  

	   	  Our	  group	  has	  been	  studying	  the	  high-‐resolution	  separation	  of	  
Aun(SR)m	   clusters	   and	   their	   doped	   clusters	   (Fig.	   1).	   Through	   such	  
studies,	  we	  aim	  to	  contribute	  to	  the	  improvement	  of	  the	  bottom-‐up	  
technology	   in	   the	   fabrication	   of	   functional	   nanomaterials.	   For	   the	  
separation	   method,	   we	   have	   focused	   on	   reversed-‐phase	   high-‐
performance	   liquid	   chromatography	   (RP-‐HPLC;	   Fig.	   1)	   which	   is	  
known	   to	   achieve	   high-‐resolution	   separation	   of	   organic	  
molecules.98,99	   RP-‐HPLC	   has	   been	   already	   employed	   for	   the	  
separation	   of	   Aun(SR)m	   clusters	   by	   Murray	   and	   co-‐workers75	   and	  
Choi	   and	   co-‐workers76	   prior	   to	   our	   study.	   We	   have	   read	   their	  
literatures,	   and	   felt	   that	   this	   type	   of	   clusters	   could	   be	   separated	  
with	   higher	   resolution	   under	   the	   proper	   conditions,	   and	   then	  
attempted	  to	  separate	  this	   type	  of	  metal	  clusters	  by	  RP-‐HPLC.	  The	  
results	   and	   progress	   made	   in	   the	   past	   6	   years	   in	   our	   study	   are	  
summarized	  in	  this	  perspective.	  

2.	  Separation	  depending	  on	  the	  core	  size	  
The	   physical	   and	   chemical	   properties	   of	   Aun(SR)m	   clusters	   depend	  
on	  the	  number	  of	  the	  constituent	  atoms.	  Therefore,	  it	   is	  necessary	  
to	   separate	   Aun(SR)m	   clusters	   depending	   on	   the	   number	   of	  
constituent	  atoms	  with	  high	   resolution	   to	  obtain	  Aun(SR)m	   clusters	  
with	   controlled	   physical	   and	   chemical	   properties.	   We	   have	  

attempted	   such	   separation	   for	   dodecanethiolate	   (SC12H25)-‐
protected	  gold	  clusters	  (Aun(SC12H25)m),

100,101	  as	  detailed	  below.	  

Aun(SC12H25)m	  clusters	  were	  prepared	  using	  the	  Brust	  method.4	  
Then,	  an	  excessive	  amount	  of	  C12H25SH	  was	  added	  to	  the	  prepared	  
clusters,	  and	  the	  mixture	  was	  heated	  at	  80°C	  for	  24	  h.	  This	  process	  
converted	  the	  produced	  clusters	  into	  clusters	  with	  a	  limited	  number	  
of	  stable	  species.	  Then,	  the	  most	  abundant	  cluster,	  Au25(SC12H25)18,	  
in	  the	  product	  was	  removed	  by	  solvent	  extraction.	  Fig.	  2a	  shows	  the	  
laser	   desorption	   ionization	   (LDI)	   mass	   spectrum	   of	   the	   product.	  
Multiple	  peaks	  were	  observed	  in	  the	  mass	  spectrum,	  indicating	  that	  
the	  product	  contained	  multiple	  stable	  species.101	  

Subsequently,	   the	   mixture	   was	   separated	   by	   RP-‐HPLC.	   A	   dual	  
column	   setup	   comprising	   a	   C8	   column	   and	   a	   phenyl	   column	   was	  
used	   (Table	   1).	   Dichloromethane	   (CH2Cl2)	   containing	  

Table	  1.	  	   Experimental	  conditions	  used	  in	  RP-‐HPLC	  separation	  

	  	  Separation	   	   	  	  	  	  	   	   	   	   Stationary	  phase     Gradient	  	  	   Mobile	  phase	   	   	   	   	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  yield	  (mg)	  a	  
core	  size	  	   	   	   	   	   	   C8	  column	  b	  +	  phenyl	  column	  c	  	   isocratic	  	   10	  mM	  TBAClO4	  dichloromethane	  solution	   	   	   	   1.0-‐5.0	  
charge	  state	  	   	   	   	   	   C8	  column	  d	  +	  phenyl	  column	  e	  	   isocratic	  	   10	  mM	  TBAClO4	  dichloromethane	  solution	   	   	   	   ~0.1	  
ligand	  composition	   	   	   	   C18	  column	  f	  	   	   	   	   	   linear	   	   methanol	  →	  tetrahydrofuran	   	   	   	   	   	   	   ~0.01	  
coordination	  isomer	   	   	   	   C18	  column	  f	  	   	   	   	   	   linear	   	   acetonitrile	  →	  acetone	   	   	   	   	   	   	   	   ~0.01	  
core	  size	  	  (hydrophilic	  clusters)	  	   C18	  column	  f	  	   	   	   	   	   linear	   	   25	  mM	  sodium	  phosphate	  buffer	  solution	  (pH	  6.9)	   	   0.01-‐0.05	  

	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  →	  25	  mM	  TBAClO4	  methanol	  solution	  
	  

a	  Weight	   of	  each	   fraction	  separated	   by	   RP-‐HPLC.	   b	  BDS	  Hypersil	   C8	  column	   (length	  ×	   inner	   diameter:	  250	  mm	  ×	  21.1	  mm)	  with	   5	   µm	  particles.	   c	  BDS	  
Hypersil	  phenyl	  column	  (length	  ×	  inner	  diameter:	  150	  mm	  ×	  21.1	  mm)	  with	  5	  µm	  particles.	  d	  BDS	  Hypersil	  C8	  column	  (length	  ×	  inner	  diameter:	  250	  mm	  ×	  
4.6	  mm)	  with	   5	   µm	  particles.	  e	  BDS	  Hypersil	  phenyl	   column	   (length	   ×	   inner	   diameter:	   150	  mm	  ×	   4.6	  mm)	  with	   5	   µm	  particles.	  f	  Hypersil	   gold	   column	  
(length	  ×	  inner	  diameter:	  250	  mm	  ×	  4.6	  mm)	  with	  5	  µm	  particles.	  

	  

Fig.	  2	  (a)	  Positive	  ion	  LDI	  mass	  spectrum	  and	  (b)	  chromatogram	  of	  
crude	  sample	  of	  Aun(SC12H25)m	  clusters.	  Adapted	  from	  ref.	  101.	  
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tetrabutylammonium	  perchlorate	   (TBAClO4)	   (10	  mM),	  was	  used	  as	  
the	  mobile	  phase	  solvent	  (Table	  1).100,101	  Fig.	  2b	  shows	  the	  obtained	  	  
chromatogram,	   which	   featured	   multiple	   peaks.	   Each	   peak	   was	  
fractionated	   and	   analyzed	   by	   electrospray	   ionization	   (ESI)	   mass	  
spectrometry.	   The	   peaks	   could	   be	   assigned	   to	   Au38(SC12H25)24,	  
Au104(SC12H25)45,	   Au130(SC12H25)50,	   Au144(SC12H25)60,	   Au187(SC12H25)68,	  
Au~226(SC12H25)~76,	   Au~253(SC12H25)~90,	   Au329(SC12H25)84,	  
Au~356(SC12H25)~112,	   or	   Au~520(SC12H25)~130	   with	   high	   purity	   (Fig.	   3).	  
These	   results	   showed	   that	   the	   Aun(SC12H25)m	   clusters	   were	  
separated	  according	  to	  the	  number	  of	  constituent	  atoms	  with	  high	  
resolution.101	  	  

The	   optical	   absorption	   spectra	   of	   the	   isolated	   clusters,	  
measured	  by	  Tsukuda	  and	  co-‐workers,	  revealed	  the	  transformation	  
of	   the	   electronic	   structures	   in	   the	   Aun(SC12H25)m	   clusters.

101	   	   Peak	  
structures	   appeared	   within	   the	   near-‐infrared-‐to-‐ultraviolet	   region	  
for	  clusters	  ranging	  between	  Au38(SC12H25)24	  and	  Au144(SC12H25)60.

101	  
These	   peaks	   became	   sharper	   as	   the	   temperature	   decreased.	   This	  
phenomenon	   had	   been	   reported	   by	   Ramakrishna	   and	   co-‐workers	  
and	   Weissker	   and	   co-‐workers	   for	   Aun(SR)m	   clusters	   featuring	  
discrete	   electronic	   structures.102–104	   In	   contrast,	   clusters	   ranging	  
between	  Au187(SC12H25)68	  and	  Au~520(SC12H25)~130	  displayed	  a	  distinct	  

peak	   within	   the	   region	   of	   520–540	   nm	   that	   was	   attributed	   to	  
localized	   surface	   plasmon	   resonance	   (LSPR)	   effect.	   The	   intensity	  
and	  position	  of	   the	  LSPR	  band	  did	  not	  change	  appreciably	  even	  at	  
25	   K.	   These	   results	   demonstrated	   that	   the	   clusters	   ranging	   from	  
Au187(SC12H25)68	   to	   Au~520(SC12H25)~130	   no	   longer	   had	   discrete	  
electronic	  structures.	  Based	  on	  these	  results,	  it	  was	  concluded	  that	  
the	   transition	   of	   electronic	   structures	   occurs	   between	  
Au144(SC12H25)60	  and	  Au187(SC12H25)68.

101	  

The	   study	   conducted	   on	   a	   series	   of	   isolated	   clusters	   also	  
revealed	   the	   transition	   in	   the	   geometrical	   structures	   of	  
Aun(SC12H25)m	   clusters.

101	   Fig.	   4	   shows	   the	   X-‐ray	   diffraction	   (XRD)	  
patterns	  of	   the	  series	  of	   isolated	  Aun(SC12H25)m	   clusters.	  The	  peaks	  
observed	   for	   clusters	   in	   the	   range	   of	   Au38(SC12H25)24	   to	  
Au144(SC12H25)60	   did	   not	   coincide	  with	   those	   observed	   for	   bulk	  Au.	  
This	  result	  implied	  that	  these	  Aun(SC12H25)m	  clusters	  have	  a	  different	  
basic	  structure	  from	  bulk	  Au,	  which	  has	  a	  face-‐centered	  cubic	  (fcc)	  
structure.	  Actually,	  Au38(SR)24	  has	  been	  revealed	  by	  single-‐crystal	  X-‐
ray	   structural	   analysis	   to	   have	   a	   metal	   core	   based	   on	   the	  
icosahedral	   (Ic)	   structure.105	   	   The	  XRD	  patterns	  of	  Au104(SC12H25)45,	  
Au130(SC12H25)50,	   and	   Au144(SC12H25)60	   were	   consistent	   with	   those	  
calculated	   by	  Häkkinen	   and	   co-‐workers	   of	   clusters	   having	   a	  metal	  

	  

Fig.	  3	  Positive	  ion	  ESI	  mass	  spectra	  of	  fractions	  I–X.	  Adapted	  from	  
ref.	  101.	  

	  

Fig.	  4	  Powder	  XRD	  patterns	  of	  fractions	  I–X.	  The	  black	  vertical	  bars	  
indicate	  the	  peak	  positions	  of	  bulk	  Au.	  Adapted	  from	  ref.	  101.	  
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core	   based	   on	   the	   Marks	   Decahedral	   (M-‐Dh)	   (Au104(SH)45),	   M-‐Dh	  
(Au130(SH)45),	   and	   Ic	   (Au144(SH)60)	   structures,	   respectively.

101	   In	  
contrast,	  the	  XRD	  patterns	  of	  clusters	  ranging	  from	  Au187(SC12H25)68	  
to	  Au~520(SC12H25)~130	  displayed	  peaks	  at	  similar	  positions	  to	  those	  of	  
bulk	   Au.	   This	   result	   implied	   that	   the	   clusters	   with	   these	  
compositions	   have	   a	   fcc	   structure	   similar	   to	   bulk	   Au.	   The	   XRD	  
patterns	  of	  the	  clusters	  with	  this	  composition	  range	  were	  consistent	  
with	  the	  XRD	  patterns	  calculated	  by	  Häkkinen	  and	  co-‐workers	  of	  the	  
Aun(SC12H25)m	  clusters	  possessing	  a	  metal	  core	  of	  a	  fcc	  structure.101	  
Based	   on	   these	   results,	   it	   was	   concluded	   that	   in	   Aun(SC12H25)m	  
clusters,	  a	   transition	   from	  bulk	   to	  non-‐bulk,	  as	  well	  as	  a	  change	   in	  
the	   geometrical	   structure,	   occurs	   within	   a	   cluster	   composition	  
range	  of	  Au187(SC12H25)68	  to	  Au144(SC12H25)60.

101	  

3.	  Separation	  depending	  on	  the	  charge	  state	  
As	   shown	   in	   Section	   2,	   each	   Aun(SC12H25)m	   cluster	   displayed	  
different	  retention	  times	  depending	  on	  the	  core	  size	  in	  the	  RP-‐HPLC	  
chromatogram.	  As	  reported,	  the	  relative	  solubility	  of	  Aun(SC12H25)m	  
clusters	   in	   polar	   solvents	   decreases	   with	   increasing	   core	  
sizes.72,78,79,106–108	   Thus,	   it	   can	   be	   considered	   that	   the	   interaction	  
between	   the	   Aun(SC12H25)m	   clusters	   and	   the	   stationary	   phase	  
becomes	  stronger	  with	  increasing	  core	  sizes,	  thus	  resulting	  in	  longer	  
retention	  times	  (Fig.	  2a).	  Similarly,	  the	  solubility	  of	  Aun(SR)m	  clusters	  
varies	   depending	   on	   the	   charge	   state.	   For	   example,	   neutral	  
[Au25(SC6H13)18]

0	   exhibits	   a	   lower	   solubility	   in	   polar	   solvents	   than	  
anionic	   [Au25(SC6H13)18]

−.78	   Accordingly,	   these	   two	   Au25(SR)18	  
clusters,	   with	   different	   charge	   states,	   showed	   different	   retention	  
times	  in	  the	  RP-‐HPLC	  chromatogram,	  as	  discussed	  below.109,110	  
	   In	   this	   study,	   [Au25(SC12H25)18]

−	  and	   [Au25(SC12H25)18]
0	  were	   first	  

synthesized	  and	  then	  their	  chromatograms	  were	  measured.	  A	  dual	  
column	  setup	  comprising	  a	  C8	  column	  and	  a	  phenyl	  column	  (Table	  
1)	  was	  used	   as	   the	   column	  and	   a	   10	  mM	  TBAClO4	  CH2Cl2	   solution	  
was	  used	  as	  the	  mobile	  phase	  solvent	  (Table	  1).	  	  

Fig.	   5a,	   b	   shows	   the	   chromatograms	   of	   [Au25(SC12H25)18]
−	   and	  

[Au25(SC12H25)18]
0,	   respectively.109	   [Au25(SC12H25)18]

−	   displayed	   a	  
peak	   at	   a	   retention	   time	   of	   10.6	   min,	   whereas	   [Au25(SC12H25)18]

0	  
displayed	  a	  peak	  at	   a	   longer	   retention	   time	  of	  11.9	  min.	   It	   can	  be	  
considered	   that	   [Au25(SC12H25)18]

0	   features	   stronger	   interactions	  
with	   the	   stationary	   phase	   when	   compared	   with	   [Au25(SC12H25)18]

−	  
because	   of	   the	   lower	   solubility	   of	   the	   former	   cluster	   in	   polar	  
solvents,	   thus	   resulting	   in	   a	   longer	   retention	   time.	   These	   results	  
implies	   that	   Aun(SR)m	   clusters	   with	   different	   charge	   states	   can	   be	  
separated	  with	  high	   resolution	  by	  RP-‐HPLC.	   In	  addition,	  Fig.	  5	  also	  
shows	   that	   the	   charge	   state	   of	   this	   type	   of	  metal	   clusters	   can	   be	  
estimated	   by	   RP-‐HPLC.	   Actually,	   the	   charge	   states	   of	  
[Au24Pd(SC12H25)18]

0	  and	  [Au25-‐nAgn(SC12H25)18]
−	  (n	  =	  1-‐11)	  (Fig.	  5c),	  in	  

which	  Au25(SC12H25)18	  is	  doped	  with	  Pd	  or	  Ag,	  have	  been	  revealed	  by	  
this	  experiment.109,110	  It	  is	  expected	  that	  RP-‐HPLC	  will	  also	  be	  widely	  

used	  in	  the	  future	  for	  estimating	  and	  controlling	  the	  charge	  state	  of	  
this	  type	  of	  metal	  clusters.	  

4.	  Separation	  depending	  on	  the	  ligand	  
composition	  
The	   physical	   and	   chemical	   properties	   of	   Aun(SR)m	   clusters	   also	  
depend	  on	  the	  ligands	  surrounding	  the	  metal	  core.	  For	  example,	  the	  
solubilities	   and	   photoluminescence	   quantum	   yields55	   of	   Aun(SR)m	  
clusters	  vary	  depending	  on	  the	  thiolate	  functional	  group.	  Moreover,	  
the	   use	   of	   a	   thiolate	   with	   a	   specific	   functionality	   as	   the	   ligand	  
endows	   Aun(SR)m	   clusters	   with	   functions	   such	   as	   molecular	  
recognition	   or	   catalytic	   abilities.111	   Thus,	   controlling	   the	   ligand	  
composition	   is	   an	   effective	   way	   of	   controlling	   the	   cluster	  
functionality.	   If	  we	   can	  obtain	   the	  desired	   ligand	  composition,	   the	  
functions	   of	   the	   resulting	   clusters	   can	   be	   finely	   tuned	   and	   the	  
arrangement	   of	   clusters	   in	   certain	   patterns	   can	   also	   be	   achieved.	  
Accordingly,	  we	   attempted	   to	   establish	   a	  method	   to	   separate	   this	  
type	   of	   metal	   clusters	   depending	   on	   ligand	   composition	   together	  
with	  the	  Pradeep	  group.	  

	   	  We	   first	   describe	   the	   results	   obtained	   for	   the	   separation	   of	  
Au24Pd	   clusters

110,112–114	   protected	   with	   SC12H25	   and	   4-‐tert-‐butyl	  
phenylmethanethiolate	   (SCH2Ph

tBu)	  
(Au24Pd(SC12H25)18−x(SCH2Ph

tBu)x).
115	   These	   clusters	   were	  

synthesized	   by	   reacting	   Au24Pd(SC12H25)18	   (Fig.	   6)	  with	   4-‐tert-‐butyl	  
phenylmethanethiol	   (tBuPhCH2SH)	   at	   a	   concentration	   ratio	   of	  
[tBuPhCH2SH]/[Au24Pd(SC12H25)18]	  =	  1000	  in	  CH2Cl2	  (ligand	  exchange	  
reaction116–120).	   Fig.	   7	   shows	   the	   matrix-‐assisted	   laser	   desorption	  
ionization	   (MALDI)	   mass	   spectrum	   of	  
Au24Pd(SC12H25)18−x(SCH2Ph

tBu)x	   formed	  after	  2	  h	  of	  reaction.	  All	  of	  
the	  peaks	  observed	  in	  the	  mass	  spectrum	  were	  assigned	  to	  a	  series	  
of	   Au24Pd(SC12H25)18−x(SCH2Ph

tBu)x	   (x	   =	   6–16)	   clusters.	   This	   means	  
that	   the	   obtained	   clusters	   had	   a	   distribution	   in	   the	   ligand	  
compositions.115	  

	  

Fig.	  5	  Chromatograms	  of	  (a)	  [Au25(SC12H25)18]−,	  (b)	  [Au25(SC12H25)18]0,	  
and	  (c)	  Au~19Ag~6(SC12H25)18.	  Adapted	  from	  ref.	  109.	  
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The	  mixture	  was	  then	  separated	  by	  RP-‐HPLC.	  A	  C18	  column	  was	  
used	  for	  this	  separation	  (Table	  1).	  The	  products	  were	  first	  adsorbed	  
onto	  the	  stationary	  phase	  by	  injecting	  a	  suspension	  of	  clusters	  into	  
the	   column	   in	  which	   a	   solvent	   incapable	   of	   dissolving	   the	   clusters	  
(adsorption	   solvent)	   was	   used	   as	  mobile	   phase	   (Fig.	   8).	   Then,	   the	  
products	  were	  eluted	  from	  the	  stationary	  phase	  in	  order	  of	  cluster	  
surface	   polarity	   by	   gradually	   introducing	   a	   solvent	   capable	   of	  
dissolving	  the	  clusters	  (elution	  solvent)	  into	  the	  mobile	  phase	  using	  
a	   linear	   gradient	   program	   	   (Fig.	   8).	  Methanol	   and	   tetrahydrofuran	  

	  

Fig.	   6	   Geometrical	   structure	   determined	   for	   Au24Pd(SR)18	   (refs.	  
110,	  112,	  and	  113).	   The	  R	  groups	   are	   omitted	   for	   simplicity.	   Two	  
sites	   of	   sulfur	   (S)	   discussed	   in	   this	  manuscript	   are	   shown	   in	   this	  
figure.	  Adapted	  from	  ref.	  114.	  

	  

	  

Fig.	   7	   Negative	   ion	   MALDI	   mass	   spectrum	   of	  
Au24Pd(SC12H25)18−x(SCH2PhtBu)x	   with	   x	   =	   6–16.	   The	   asterisk	  
indicates	  laser-‐induced	  fragments.107	  Adapted	  from	  ref.	  115.	  

	  

	  

Fig.	   8	   Schematic	   of	   high-‐resolution	   separation	   of	   metal	   clusters	  
containing	   two	   different	   types	   of	   ligands	   by	   RP-‐HPLC	   involving	  
mobile	  phase	  gradient.	  	  

	  

Fig.	  9	  Chromatograms	  of	  Au24Pd(SC12H25)18−x(SCH2PhtBu)x	   (x	  =	  
6–16)	   at	   each	   gradient	   program.	   Curve	   labels	   (e.g.,	   [10])	  
indicate	  the	  time	  (in	  min)	  taken	  to	  replace	  the	  mobile	  phase	  
with	   THF.	   The	   peak	   observed	   at	   3	   min	   corresponds	   to	   the	  
solvent	  used	  (THF).	  Adapted	  from	  ref.	  115.	  

 

	  

Fig.	   10	   Negative	   ion	   MALDI	   mass	   spectra	   of	  
Au24Pd(SC12H25)18−x(SCH2PhtBu)x	   (x	   =	   0–18)	   clusters.	   Asterisks	  
indicate	  laser-‐induced	  fragments.	  Adapted	  from	  ref.	  115.	  
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(THF)	   were	   used	   as	   the	   adsorption	   and	   elution	   solvents,	  
respectively	  (Table	  1).115	  

	   Fig.	   9	   shows	   the	   dependence	   of	   the	   chromatograms	   of	  
Au24Pd(SC12H25)18−x(SCH2Ph

tBu)x	   on	   the	   time	   taken	   to	   fully	   replace	  
the	  mobile	  phase.	  When	  the	  replacement	  time	  was	  set	  at	  40	  min	  or	  
longer,	   the	  peak	  became	  more	  resolved,	  and	  the	  peak	  distribution	  
looked	   similar	   to	   that	  of	   the	   corresponding	  MALDI	  mass	   spectrum	  
(Fig.	  9).	  Fractionation	  of	  each	  peak	  followed	  by	  mass	  spectrometry	  
analysis	   revealed	   that	   each	  peak	   contained	   clusters	  with	   only	   one	  
chemical	  composition.	  Similar	  separation/fractionation	  experiments	  
were	   performed	   on	   Au24Pd(SC12H25)18−x(SCH2Ph

tBu)x	   with	   various	  
ligand	  distributions.	  Fig.	  10	  shows	  the	  MALDI	  mass	  spectra	  of	  the	  19	  
fractions	   obtained.	   All	  mass	   spectra	   featured	   peaks	   that	   could	   be	  
assigned	   to	   clusters	   with	   one	   single	   chemical	   composition.	   These	  
results	   showed	   that	   all	   ligand	   compositions	   of	  
Au24Pd(SC12H25)18−x(SCH2Ph

tBu)x	   (x	   =	   0–18)	   could	   be	   isolated	   with	  
high	  purity	  by	  RP-‐HPLC.115	  

	   To	   investigate	  the	  versatility of	  this	  separation	  method,	  similar	  
experiments	   were	   conducted	   using	   Au24Pd	   clusters	   with	   a	  
combination	  of	  other	   ligands.121	  Fig.	  11	  shows	   the	  chromatograms	  
of	   Au24Pd(SR1)18−x(SR2)x	   (x	   =	   0–18)	   prepared	   with	   other	   ligand	  
combinations	   (SR1,	   SR2).	   All	   chromatograms	   showed	  well-‐resolved	  
and	  relatively	  intense	  peak	  profiles.	  The	  distribution	  of	  the	  peaks	  in	  
each	   individual	  chromatogram	  was	  similar	   to	   the	  peak	  distribution	  
observed	   in	   the	   MALDI	   mass	   spectra	   of	   the	   corresponding	  
clusters.121	  These	  results	  indicate	  that	  this	  method	  could	  be	  used	  to	  
separate	   the	   Au24Pd(SR1)18−x(SR2)x	   clusters	   of	   Fig.	   11	   with	   high	  
resolution.	   The	   peaks	   on	   the	   peripheries	   of	   the	   chromatograms	  
obtained	   from	   the	   Au24Pd(SR1)18−x(SR2)x	   clusters	   originated	   from	  
Au24Pd(SR1)18	   and	  Au24Pd(SR2)18.	   Fig.	   11	   shows	   that	   the	  polarity	  of	  
the	   functional	   group	   decreased	   in	   the	   following	   order:	   C2H4Ph	   <	  
CH2PhBr	  <	  C4H9	  <	  CH2Ph

tBu	  <	  C6H13	  <	  C8H17	  <	  C10H21	  <	  C12H25	  <	  C14H29.	  
In	   general,	   the	   resolution	   of	   each	   chromatogram	   increased	   with	  
increasing	  differences	  in	  the	  polarity	  of	  the	  functional	  groups	  of	  the	  
two	  types	  of	  thiolate	  ligands	  (Fig.	  11).	  These	  results	  clearly	  showed	  

	  

Fig.	   11	   Chromatograms	   obtained	   for	   Au24Pd(SR1)18−x(SR2)x	   (x	   =	   0–18)	   clusters	   with	   various	   ligand	   combinations	   (SR1,	   SR2),	   and	  
Au24Pd(SC12H25)18	  and	  Au24Pd(SC2H4Ph)18	  for	  comparison	  purposes.	  The	  MALDI	  mass	  spectrum	  of	  each	  Au24Pd(SR1)18−x(SR2)x	  is	  provided	  in	  ref.	  
121.	   In	   the	   chromatograms	   and	  MALDI	  mass	   spectra	   (ref.	   121),	   the	   same	  color	   indicates	   the	   same	   sample;	  whereby	   samples	  with	   small,	  
intermediate,	   and	   large	   values	   of	   x	   are	   represented	   by	   the	   black,	   green,	   and	   red	   lines,	   respectively	   (ref.	   121).	   The	   orange	   vertical	   lines	  
indicate	  the	  retention	  times	  estimated	  for	  Au24Pd	  clusters	  protected	  with	  one	  type	  of	   ligand	   i.e.,	  Au24Pd(SR1)18	  and	  Au24Pd(SR2)18.	  Adapted	  
from	  ref.	  121.	  
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that	   to	   achieve	   high-‐resolution	   separation	   of	   Au24Pd(SR1)18−x(SR2)x	  
clusters,	   it	   is	   essential	   to	   increase	   the	  difference	   in	   the	  polarity	  of	  
the	  functional	  groups	  in	  the	  two	  different	  ligands.	  	  

	   When	   a	   suitable	   combination	   of	   functional	   groups	   was	  
employed,	  Au24Pd(SR1)18−x(SeR2)x	  clusters,	  in	  which	  SR	  and	  SeR	  were	  
used	  as	  the	  two	  different	  types	  of	  ligands,	  could	  also	  be	  separated	  
with	   high	   resolution	   (Fig.	   12).121	   Thus,	   this	   method	   could	   afford	  
control	  over	  the	  relative	  proportions	  of	  SR1	  and	  SeR2	  ligands	  in	  the	  
clusters.	   It	   has	   been	   revealed	   that	   charge	   transfer	   in	   the	   Au–SeR	  
and	  Au–SR	  bonds	  is	  different,	  and	  thus	  the	  electron	  densities	  of	  Au	  
in	  Aun(SeR)m	  and	  Aun(SR)m	  are	  different.

122,123	  These	  results	  showed	  
that	   this	   method	   afforded	   fine	   separation	   of	   clusters	   featuring	  
different	   electron	  densities	   of	  Au.	  When	  appropriate	   ligands	  were	  
combined,	   a	   similar	   high-‐resolution	   separation	   was	   achieved	   for	  
Au25	   and	   Au38	   clusters	   (Fig.	   13).

115	   These	   results	   indicate	   that	   this	  
method	   is	   effective	   regardless	   of	   the	   size	   or	   composition	   of	   the	  
metal	  core.	  	  

5.	  Separation	  depending	  on	  the	  coordination	  
isomer	  
The	   Au24Pd(SR)18	   cluster	   discussed	   in	   the	   previous	   section	   has	   a	  
geometric	   structure	   in	  which	   six	   [–S(R)–Au–S(R)–Au–S(R)–]	   staples	  
surround	  the	  Au12Pd	  metal	  core	  (Fig.	  6).	  Two	  types	  of	  SR	  units	  exist	  
in	  such	  a	  geometric	  structure,	  namely,	  SR	  that	   is	  bound	  directly	  to	  
the	  metal	  core	  (core	  site)	  and	  SR	  that	  is	  positioned	  at	  the	  center	  of	  

the	  staple	  (apex	  site)	  (Fig.	  6).	  Thus,	  two	  coordination	  isomers124	  can	  
be	   considered	   for	   Au24Pd(SR1)17(SR2)	   that	   was	   prepared	   by	   ligand	  
exchange	  reaction.	  If	  the	  resolution	  could	  be	  improved	  further,	  the	  
geometrical	   structure	   of	   the	   product	   could	   be	   controlled	   even	   at	  

	  

Fig.	   12	   (a)	   Negative	   ion	   MALDI	   mass	   spectrum	   and	   (b)	  
chromatogram	  of	  Au24Pd(SC2H4Ph)18−x(SeC12H25)x	  (x	  =	  0–8).	  In	  (b),	  the	  
leftmost	   peak	   is	   assigned	   to	   Au24Pd(SC2H4Ph)18	   (Fig.	   11).	   Adapted	  
from	  ref.	  121.	  

	  

	  

Fig.	   13	   Comparison	   between	   the	   MALDI	   mass	   spectra	   and	  
chromatograms	   of	   (a),	   (b)	   Au25(SC12H25)18−x(SC2H4Ph)x	   and	   (c),	   (d)	  
Au38(SC12H25)24−x(SC2H4Ph)x.	   The	  MALDI	  mass	   spectra	   in	   (a)	  and	   (c)	  
were	   observed	   in	   negative	   and	   positive	   ion	  modes,	   respectively.	  
The	  same	  samples	  in	  (a),	  (b),	  and	  (c),	  (d)	  are	  indicated	  by	  a	  specific	  
color.	  In	  (c),	  peaks	  not	  assigned	  to	  Au38(SC12H25)24-‐x(SC2H4Ph)x	  occur	  
because	  of	  laser-‐induced	  fragments.	  Adapted	  from	  ref.	  115.	  
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the	   level	  of	   coordination	   isomers.	  Furthermore,	   the	  mechanism	  of	  
the	  ligand	  exchange	  reaction116,119,125–127	  of	  this	  type	  of	  clusters	  can	  
be	  understood	  by	  evaluating	   the	   relative	   ratio	  of	   the	  coordination	  
isomers.	   The	   separation	   of	   Au24Pd(SR1)18−x(SR2)x	   clusters	   into	   each	  
coordination	  isomer	  was	  then	  attempted.	  

	   Herein,	  we	  describe	   the	   results	  of	   the	  products	  obtained	   from	  
the	   reaction	   between	   Au24Pd(SC2H4Ph)18	   and	   C12H25SH.	   The	   ligand	  
exchange	   reaction	   was	   initiated	   by	   stirring	   Au24Pd(SC2H4Ph)18	   and	  
C12H25SH	  (concentration	  ratio	  of	  1:50)	  in	  dichloromethane	  for	  4	  min.	  
Fig.	   14a	   shows	   the	  MALDI	  mass	   spectra	   of	   the	   product.	   The	  mass	  
spectra	   displayed	   peaks	   that	   could	   be	   attributed	   to	  
Au24Pd(SC2H4Ph)18−x(SC12H25)x	   (x	   =	   0–7).	   Thus,	   this	   result	   indicated	  
that	   the	   ligand	   exchange	   reaction	   took	   place	   under	   the	  
experimental	  conditions	  employed.	  

	   The	   obtained	   product	   was	   then	   separated	   by	   RP-‐HPLC.	   A	   C18	  
column	  was	  used	  for	  this	  separation	  (Table	  1).	  The	  product	  was	  first	  
adsorbed	  onto	  the	  stationary	  phase	  as	  described	  in	  Section	  4.	  Then,	  
the	   products	   were	   eluted	   from	   the	   stationary	   phase	   in	   order	   of	  
cluster	   surface	   polarity	   by	   transitioning	   of	   the	   mobile	   phase	  
composition	  using	  a	  linear	  gradient	  program	  (Fig.	  8).	  In	  the	  study	  of	  
the	   previous	   section,	   methanol	   and	   tetrahydrofuran	   (THF)	   were	  
used	   as	   the	   adsorption	   and	   elution	   solvents,	   respectively.	   In	   this	  
study,	   acetonitrile	   and	   acetone	   were	   used	   as	   the	   adsorption	   and	  
elution	  solvents	  instead	  of	  methanol	  and	  THF,	  respectively	  (Table	  1).	  
As	   a	   result,	   the	   peak	   corresponding	   to	   a	   cluster	   with	   a	   single	  
chemical	  composition	  was	  separated	  into	  multiple	  peaks.114	  

	   Fig.	   14b	   shows	   the	   chromatogram	   of	   the	   obtained	   products,	  
which	  features	  a	  peak	  distribution	  similar	  to	  that	  in	  the	  MALDI	  mass	  
spectrum.	   This	   shows	   that	   Au24Pd(SC2H4Ph)18−x(SC12H25)x	   (x	   =	   0–8)	  
clusters	   was	   separated	   with	   high	   resolution	   depending	   on	   the	  
ligand	   composition	   under	   the	   experimental	   conditions	   employed.	  
Fig.	  15	  shows	  enlarged	  views	  of	   the	  group	  of	  peaks	  corresponding	  
to	   Au24Pd(SC2H4Ph)18−x(SC12H25)x	   (x	   =	   0–5).	   Au24Pd(SC2H4Ph)18	  
displayed	   only	   one	   peak	   (Fig.	   15a).	   Au24Pd(SC2H4Ph)17(SC12H25)	  
displayed	  two	  peaks	  (Fig.	  15b)	  and	  Au24Pd(SC2H4Ph)18−x(SC12H25)x	   (x	  
=	   2–5)	   displayed	   multiple	   peaks	   (Fig.	   15c–f).	   In	   the	   MALDI	   mass	  
spectrum	  of	  each	  fraction	  in	  Fig.	  15,	  only	  one	  peak	  corresponding	  to	  
the	  single	  chemical	  composition	  of	  Au24Pd(SC2H4Ph)18−x(SC12H25)x	   (x	  
=	  0–5)	  was	  observed,	  thus	  demonstrating	  that	  only	  clusters	  with	  the	  
same	   chemical	   composition	   were	   present	   in	   the	   fractions	   of	  
Fig.	  15a–f.	   These	   results	   indicate	   that	  each	   coordination	   isomer	  of	  
Au24Pd(SC2H4Ph)18−x(SC12H25)x	   (x	   =	   1–5)	   was	   separated	   with	   high	  
resolution	  under	  the	  experimental	  conditions	  employed.	  	  

	   This	   separation	   allowed	   for	   a	   deeper	   understanding	   of	   the	  
mechanism	  of	  ligand	  exchange	  reaction	  occurring	  in	  this	  type	  of	  the	  
clusters.	   As	   shown	   in	   Fig.	   15b,	   the	   chromatogram	   of	  
Au24Pd(SC2H4Ph)17(SC12H25)	   displayed	   two	   peaks	   with	   retention	  
times	   of	   56.58	   and	   57.20	  min.	   The	   calculated	   area	   ratio	   of	   these	  
peaks	  obtained	  upon	  curve	  fitting	  of	  the	  peaks	  was	  12:0.9	  (Fig.	  15b).	  

This	   result	   indicates	   that	   the	   isomer	   distribution	   of	   the	  
Au24Pd(SC2H4Ph)17(SC12H25)	  products	  was	  strongly	  biased.	  The	  peaks	  
with	   retention	   times	   of	   56.58	   and	   57.20	   min	   were	   attributed	   to	  
isomers	   exchanged	   at	   the	   core	   and	   apex	   sites,	   respectively	   (Fig.	  
15b).114	   This	   result	   implied	   that	   the	   first	   ligand	   exchange	   reaction	  
occurred	   preferentially	   at	   the	   thiolate	   of	   the	   core	   site.	   A	   similar	  
reaction	   preference	   was	   also	   observed	   in	   the	   second	   ligand	  
exchange	  reaction.114	  Based	  on	  these	  results,	  it	  was	  concluded	  that	  
the	  ligand	  exchange	  reaction	  is	  instigated	  by	  preferential	  reaction	  at	  
thiolate	   bound	   at	   core	   sites	   in	   the	   reaction	   between	  
Au24Pd(SC2H4Ph)18	   and	   C12H25SH.

114	   The	   results	   obtained	   in	   this	  
study	  were	   also	   consistent	  with	   the	   interpretation	  of	   the	   reaction	  
between	   Au25(SC2H4Ph)18	   and	   p-‐bromobenzenethiol	   obtained	   by	  
Ackerson	   and	   co-‐workers	   based	   on	   single-‐crystal	   X-‐ray	   structure	  
analysis.127	  Häkkinen	  and	  co-‐workers	  performed	  density	   functional	  
theory	   calculations	   on	   the	   ligand	   exchange	   reaction	   between	  
Au102(SH)44	  and	  CH3SH,	  and	  proposed	  that	  such	  a	  reaction	   involves	  
initial	   nucleophilic	   attack	   of	   S	   atom	   of	   CH3SH	   on	   Au	   atom	   of	   a	   [–
S(H)–Au–S(H)–]	   staple	   in	   Au102(SH)44.

119	   The	   H	   atom	   of	   SH	   then	  
bonds	   to	   S	   atom	   in	   the	   staple	   for	   the	   reaction	   to	   proceed.	   Also,	  
Au24Pd(SC2H4Ph)18	  has	  staples	  on	  its	  surface	  (Fig.	  6).	  Thus,	  it	  can	  be	  
considered	  that	  the	  reaction	  starts	  with	  a	  nucleophilic	  attack	  of	  the	  
thiol	  on	  Au	  of	   the	  staple,	  even	   in	  the	  present	  system.	  However,	   in	  
contrast	   to	  Au102(SH)44,	   the	  staples	  of	   the	  present	  system	   included	  
two	   different	   S	   atoms	   that	   could	   be	   attacked	   by	   H	   of	   the	   thiol	  
bound	  to	  Au,	  i.e.,	  one	  at	  the	  core	  site	  and	  the	  other	  at	  the	  apex	  site	  
(Fig.	  6).	  Our	  results	  showed	  that	  the	  attack	  of	  H	  of	  the	  thiol	  group	  

	  

Fig.	   14	   Comparison	   between	   the	   (a)	   negative	   ion	   MALDI	   mass	  
spectrum	   and	   (b)	   chromatogram	   obtained	   for	  
Au24Pd(SC2H4Ph)18−x(SC12H25)x.	  	  Adapted	  from	  ref.	  114.	  
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on	  S	  occurred	  preferentially	  at	  the	  S	  of	  the	  core	  site	  on	  the	  [–S(R)–
Au–S(R)–Au–S(R)–]	  (R	  =	  C2H4Ph)	  staples.

114	  

	   It	  is	  worth	  noting	  that	  the	  ligand	  exchange	  reaction	  occurs	  even	  
between	   the	   clusters.120	   Thus,	   when	   Au24Pd(SC2H4Ph)17(SC12H25)	  
remains	   in	   solution,	   Au24Pd(SC2H4Ph)18	   and	  
Au24Pd(SC2H4Ph)16(SC12H25)2	   form	   upon	   reaction	   of	   two	  
Au24Pd(SC2H4Ph)17(SC12H25)	   (Scheme	   1).114	   Based	   on	   the	   reaction	  
mechanism	   (Scheme	   1),	   the	   isomer	   distribution	   of	  
Au24Pd(SC2H4Ph)16(SC12H25)2	   generated	   by	  
Au24Pd(SC2H4Ph)17(SC12H25)	   is	   expected	   to	   be	   different	   depending	  
on	  the	  isomer	  structure	  of	  the	  precursor	  Au24Pd(SC2H4Ph)17(SC12H25).	  
Our	   study	   using	   RP-‐HPLC	   revealed	   that	   the	   isomer	   distribution	   of	  
the	   generated	   clusters	   is	   actually	   different	   depending	   on	   the	  
coordination	   isomer	  distribution	  of	   the	  reactant	  clusters.114	  Fig.	  16	  

shows	   chromatograms	   of	   Au24Pd(SC2H4Ph)16(SC12H25)2	   generated	  
after	   0.5	   h	   of	   standing	   in	   solution.	   The	   chromatogram	   of	  
Au24Pd(SC2H4Ph)16(SC12H25)2	  generated	  from	  a	  core-‐site	  isomer	  (Fig.	  
16b)	   was	   considerably	   different	   from	   that	   of	  
Au24Pd(SC2H4Ph)16(SC12H25)2	   generated	   from	   an	   apex-‐site	   isomer	  
(Fig.	   16c).	   Our	   tentative	   assignments	   of	   the	   peaks	   of	  
Au24Pd(SC2H4Ph)16(SC12H25)2	   revealed	   that	   the	   sample	   in	   Fig.	   16b	  
contained	  isomers	  with	  two	  SC12H25	  at	  the	  core	  sites	  with	  a	  content	  
of	   71.6%	   as	   the	   main	   product,	   whereas	   the	   sample	   of	   Fig.	   16c	  

	  

Fig.	   15	   Expanded	   chromatograms	   of	   (a)	   Au24Pd(SC2H4Ph)18,	   (b)	   Au24Pd(SC2H4Ph)17(SC12H25),	   (c)	   Au24Pd(SC2H4Ph)16(SC12H25)2,	   (d)	  
Au24Pd(SC2H4Ph)15(SC12H25)3,	  (e)	  Au24Pd(SC2H4Ph)14(SC12H25)4,	  and	  (f)	  Au24Pd(SC2H4Ph)13(SC12H25)5.	  The	  fitting	  results	  are	  also	  shown	  in	  (b).	  The	  
peak	  structure	  used	  for	  fitting	   is	  based	  on	  the	  peak	  structure	  of	  Au24Pd(SC2H4Ph)18	  of	  (a)	  because	  the	  peak	  structure	  in	  the	  chromatogram	  
does	  not	  show	  a	  symmetrical	  curve	  (see	  (a)).	  Adapted	  from	  ref.	  114.	  

	  

Scheme	   1	   Expected	   reactions	   (a)	   between	   two	   core-‐site	   type	  
Au24Pd(SC2H4Ph)17(SC12H25)	   and	   (b)	   two	   apex-‐site	   type	  
Au24Pd(SC2H4Ph)17(SC12H25)	  at	   the	  early	   stage	  of	  standing	  in	  solution.	  
The	   isomer	   structures	   shown	   here	   are	   schematic	   illustrations	   only.	  
Adapted	  from	  ref.	  114.	  

	  

Fig.	  16	  Chromatograms	  of	  Au24Pd(SC2H4Ph)16(SC12H25)2	  obtained	  by	  
(a)	   reaction	   between	   Au24Pd(SC2H4Ph)18	   and	   C12H25SH	   in	  
dichloromethane,	   (b)	   standing	   of	   core-‐site	   type	  
Au24Pd(SC2H4Ph)17(SC12H25)	  in	  acetone,	  and	  (c)	  standing	  of	  apex-‐site	  
type	   Au24Pd(SC2H4Ph)17(SC12H25)	   in	   acetone.	   Parameter	   k	   refers	   to	  
isomer	   index	  used	   for	   tentative	  assignment	  of	  each	   isomer	  in	   ref.	  
114.	  Adapted	  from	  ref.	  114.	  
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contained	  isomers	  with	  one	  SC12H25	  at	  the	  core	  site	  and	  one	  SC12H25	  
at	   the	   apex	   site	   with	   a	   content	   of	   78.3%	   as	   the	  main	   product.114	  
These	  results	  demonstrate	  that	  control	  of	   the	  coordination	   isomer	  
distribution	   of	   the	   starting	   clusters	   enables	   control	   of	   the	  
coordination	   isomer	   distribution	   of	   the	   products	   generated	   by	  
ligand	  exchange	  reactions	  between	  clusters. 	  

	  6.	  Separation	  depending	  on	  the	  core	  size	  for	  
hydrophilic	  clusters	  
In	   the	  above	  discussed	  studies,	  hydrophobic	  clusters	  were	  used	  as	  
the	   target	   materials	   for	   the	   high-‐resolution	   separation.	   On	   the	  
other	  hand,	  hydrophilic	  clusters	  have	  also	  attracted	  much	  attention	  
because	   they	  have	   a	  better	   affinity	   to	  biomaterials,128–130	   are	   very	  
sensitive	   to	   toxic	   elements	   in	   aqueous	   solutions,131,132	   and	   exhibit	  
photoluminescence	   properties	   with	   high	   quantum	   yields.60,62	   For	  
the	  separation	  of	  such	  hydrophilic	  clusters,	  PAGE	  has	  been	  used	  as	  
a	  powerful	  tool	  since	  the	  first	  report	  by	  Whetten	  and	  co-‐workers73.	  	  
To	   date,	   clusters,	   such	   as	   Au10(SG)10,	   Au15(SG)13,	   Au18(SG)14,	  
Au22(SG)16,	   Au22(SG)17,	   Au25(SG)18,	   Au29(SG)20,	   Au33(SG)22,	   and	  
Au39(SG)24	   (SG	   =	   glutathiolate),	   have	   been	   separated	   with	   high	  

resolution	   using	   PAGE.46	   In	   this	   section,	   we	   describe	   that	  
hydrophilic	  Aun(SG)m	  clusters	  can	  also	  be	  separated	  by	  RP-‐HPLC.	  

	   In	   this	   study,	   Aun(SG)m	   clusters	  were	   prepared	   by	   the	  method	  
reported	  in	  the	  literature46	  and	  then	  the	  mixture	  was	  separated	  by	  
RP-‐HPLC.	   A	   C18	   column	   was	   used	   for	   the	   separation	   (Table	   1).	  
Mobile	   phase	   was	   transformed	   from	   25	   mM	   sodium	   phosphate	  
buffer	   solution	   (pH	   6.9)	   and	   25	   mM	   TBAClO4	   methanol	   solution	  
using	  a	  linear	  gradient	  program	  (Table	  1).	  	  

	   Fig.	  17a	  shows	  the	  chromatogram	  of	  Aun(SG)m	  clusters	  obtained.	  
Multiple	   peaks	   were	   observed.133	   Fig.	   17b	   shows	   the	   optical	  
absorption	   spectra	   of	   the	   main	   peaks	   in	   Fig.	   17a.	   The	   optical	  
absorption	  spectrum	  of	  each	  peak	  was	  well	  consistent	  with	  that	  of	  
Au10(SG)10	   (I),	   Au15(SG)13	   (II),	   Au18(SG)14	   (III),	   Au22(SG)17	   (IV),	  
Au25(SG)18	   (V),	   or	   Au29(SG)20	   (VI),	   which	   has	   been	   previously	  
separated	   by	   PAGE.46	   These	   results	   demonstrate	   that	   Aun(SG)m	  
clusters	   can	   also	   be	   separated	   by	   RP-‐HPLC.	   At	   present,	   RP-‐HPLC	  
does	  not	  necessarily	   show	  a	  better	   resolution	   than	  PAGE.	  And	   the	  
instrument	   employed	   for	   PAGE	   analysis	   is	   inexpensive.	   Thus,	   the	  
cost	   for	   setting	   up	   the	   experimental	   system	   is	   rather	   inexpensive.	  
Additionally,	  PAGE	  analysis	  enables	  visual	  examination	  of	  the	  color	  
of	  the	  clusters	  and	  that	  of	  the	  photoluminescence	  emitted	  from	  the	  
clusters.	   Therefore,	   we	   do	   not	   intend	   to	   say	   that	   RP-‐HPLC	   is	  
superior	  to	  PAGE	  in	  the	  separation	  of	  hydrophilic	  clusters.	  However,	  
the	  time	  required	  for	  the	  fractionation	  process	  is	  shorter	  in	  RP-‐HPLC	  
(Fig.	   17a)	   than	   in	   PAGE.	   Furthermore,	   RP-‐HPLC	   requires	   shorter	  
times	  even	  for	  the	  recovery	  process	  of	  the	  separated	  clusters	  when	  
compared	  with	  PAGE	  because	  RP-‐HPLC	  separation	  does	  not	  include	  
time-‐consuming	   recovery	   processes	   such	   as	   gel	   cleaning,	   which	   is	  
necessary	  in	  PAGE	  separation.	  Thus,	  RP-‐HPLC	  may	  be	  useful	  for	  the	  
fractionation	  of	  clusters,	  of	  which	  the	  stability	   in	  solution	   is	  not	  so	  
high.	   Other	   advantages	   of	   the	   RP-‐HPLC	   analysis	   include	   the	   high	  
reproducibility	   of	   retention	   times.	   In	   the	   case	   that	   the	   absorption	  
coefficient	  of	  each	  Aun(SR)m	   is	  known,	  it	  is	  possible	  to	  evaluate	  the	  
abundance	   ratio	   of	   each	   Aun(SR)m	   cluster	   directly	   from	   the	  
chromatogram.	  Moreover,	  RP-‐HPLC	  can	  be	  connected	  directly	  to	  an	  
ESI	  mass	   spectrometer.	   These	   advantages	   render	   RP-‐HPLC	   one	   of	  
the	   most	   powerful	   tools	   even	   for	   the	   separation	   of	   hydrophilic	  
Aun(SR)m	  clusters.	  

7.	  Future	  prospects	  	  
The	  above	  sections	  demonstrate	  that	  RP-‐HPLC	  has	  a	  high	  potential	  
in	  the	  separation	  and	  analysis	  of	   thiolate-‐protected	  metal	  clusters.	  
In	  this	  section,	  we	  describe	  the	  future	  prospects	  of	  RP-‐HPLC.	  

7.1.	  Study	  of	  other	  metal	  clusters	  	  

Thiolate-‐protected	  metal	   clusters	   comprising	  Ag,134–144	   Pd,145	   Pt,146	  
and	   other	  metal	   elements	   exhibit	   different	   physical	   and	   chemical	  
properties	   from	   those	   of	   Aun(SR)m	   clusters.	   However,	   when	  
compared	  with	  Aun(SR)m	  clusters,	  fewer	  studies	  have	  been	  reported	  

	  

Fig.	   17	   (a)	   Chromatogram	   of	   a	   mixture	   of	   hydrophilic	   Aun(SG)m	  
clusters	  and	  (b)	  optical	  absorption	  spectra	  of	  the	  main	  peaks	  in	  (a).	  	  
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on	  other	  metal	  clusters	  to	  date.	  The	  method	  described	  in	  Section	  2	  
can	   be,	   in	   principle,	   applied	   to	   thiolate-‐protected	   metal	   clusters	  
comprising	   other	   metal	   elements.	   It	   is	   thus	   expected	   that	   other	  
metal	  clusters	  will	  also	  be	  systematically	  isolated	  by	  RP-‐HPLC	  and	  an	  
in-‐depth	   understanding	   of	   the	   stable	   size	   and	   transition	   of	   the	  
electronic/geometric	  structure	  will	  thus	  be	  obtained	  for	  other	  metal	  
clusters	  in	  the	  future.	  

7.2.	  Separation	  of	  bimetallic	  clusters	  	  

Mixing	   different	   elements	   generates	   physical	   and	   chemical	  
properties	   that	   are	   different	   from	   those	   of	   monometallic	  
clusters.147–149	   Thus,	   the	   composition	   control	   of	   metal	   clusters	   is	  
very	   interesting	  from	  the	  viewpoint	  of	  modification	  of	  the	  physical	  
and	  chemical	  properties	  of	  clusters.	  Recently,	  it	  became	  possible	  to	  
precisely	   synthesize	   bimetallic	   clusters.12,40,113,143,150–155	   However,	  
there	  are	  various	  bimetallic	  clusters	  that	  are	  yet	  to	  be	  isolated	  with	  
atomic	  precision.	  Examples	  of	  such	  clusters	  include	  Au25−xAgx(SR)18,	  
Au25−xCux(SR)18,	   Au38−xAgx(SR)24,	   Au144−xAgx(SR)60,	   and	  
Au144−xCux(SR)60,	   in	   which	   Au25(SR)18,	   Au38(SR)24,	   or	   Au144(SR)60	   is	  
doped	   with	   Ag	   or	   Cu.109,113,156–165	   Our	   recent	   study	   demonstrated	  
that	  the	  retention	  time	  of	  clusters	  slightly	  varies	  depending	  on	  the	  
degree	  of	  difference	  in	  the	  atomic	  radius	  or	  the	  charge	  state	  of	  the	  
element	   near	   the	   metal	   core.114	   Thus,	   it	   is	   considered	   that	  
separation	   of	   a	   series	   of	   the	   bimetal	   clusters	  will	   be	   achievable	   if	  
the	   resolution	   can	  be	   improved	   further.	   It	   is	   expected	   that	   such	  a	  
separation	  will	  be	  achieved	  and	  thereby	  the	  precise	  and	  systematic	  
synthesis	  of	  those	  bimetal	  clusters	  will	  become	  possible.	  

7.3.	  Deepening	  the	  understanding	  of	  the	  interaction	  between	  the	  
stationary	  phase	  and	  cluster	  surface	  	  

The	   separation	   shown	   in	   Fig.	   2b	   was	   achieved	   by	   addition	   of	  
TBAClO4	  to	   the	  mobile	   phase	   solvent.	   The	   improved	   separation	   in	  
Sections	  5	  was	  achieved	  by	  changing	  the	  nature	  of	  the	  mobile	  phase	  
solvent.	   In	   these	   studies,	   better	   conditions	   were	   established	  
through	   repeated	   experiments.	   However,	   to	   achieve	   even	   higher	  
resolution	   than	   the	   present	   resolution,	   deepening	   the	  
understanding	   of	   the	   interactions	   between	   the	   stationary	   phase	  
and	   cluster	   surface	   under	   those	   experimental	   conditions	   is	  
important.	   If	   such	  an	  understanding	   is	  achieved,	   further	  optimized	  
experimental	   conditions	   can	   be	   established	   for	   each	   separation,	  
and	   thereby	   this	   type	   of	   metal	   clusters	   could	   be	   separated	   with	  
higher	  resolution.	  

8.	  Concluding	  remarks	  
Our	   group	   has	   been	   studying	   the	   high-‐resolution	   separation	   of	  
Aun(SR)m	   clusters	   and	   their	   doped	   clusters	   using	   RP-‐HPLC.	   In	   this	  
perspective,	  we	  summarized	  our	  recent	  results	  on	  the	  separation	  of	  
those	   clusters	   according	   to	   the	   core	   size,	   charge	   state,	   ligand	  
composition,	  and	  coordination	   isomer.	  The	   results	  obtained	   in	  our	  
studies	   demonstrate	   that	   RP-‐HPLC	   has	   a	   high	   potential	   in	   the	  

separation	   and	   analysis	   of	   thiolate-‐protected	   metal	   clusters.	  
Furthermore,	   considering	   the	   availability	   of	   recently	   established	  
variety	   of	   HPLC	   techniques,	   one	   can	   expect	   the	   development	   of	  
additional	  other	  useful	  HPLC	  methods.	  As	  exemplified,	  Bürgi	  and	  co-‐
workers	   recently	  demonstrated	   that	  HPLC	  using	  a	   chiral	   column	   is	  
also	  useful	  for	  the	  separation	  of	  this	  type	  of	  metal	  clusters.23,124,166–
169	  It	  is	  expected	  that	  numerous	  high-‐resolution	  separation	  methods	  
will	  be	  established	   in	   the	   future,	   thereby	  affording	   the	  creation	  of	  
Aun(SR)m	   clusters	  with	  particular	  desired	   functional	  properties	   and	  
functionalized	  nanomaterials	  based	  on	  such	  clusters.	  
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